Abstract: Reconnection physics at micro-scales is investigated in electron magnetohydrodynamics frame. A new process of collapse of the neutral current sheet is demonstrated by means of analytical and numerical solutions. It shows how a compression of the sheet triggers at scales smaller than ion inertia length an explosive evolution of current perturbation. Collapse results in a formation of intense sub-sheet and then X-point structure embedded into the equilibrium sheet. Hall currents associated with this structure support high reconnection rates. Non-linear static solution at scales of electron-skin reveals that electron inertia and small viscosity provide efficient mechanism of field lines breaking. Reconnection rate doesn't depend on the actual value of viscosity, while maximum current is found to be restricted even for space plasmas with extremely rare collisions. Obtained results are verified by a two-fluid large scale numerical simulation.
Introduction
Magnetic reconnection is a universal process in which magnetic field lines frozen in plasma are forced to break and reform, releasing large amounts of energy in the form of energetic plasma flows. Ideal MHD well describes the physics of reconnection at macro-scales, provided that at some small region a sufficiently high and localized resistivity is introduced [1, 2] . Depending on the size of this region where field lines break, the system might form two basic configurations -SweetParker or Petschek type. Reconnection rates observed in numerous space plasma events support the much faster Petschek model with X-point structure of magnetic field. Space plasmas are virtually collisionless and resistivity term in the Ohm's law is orders and orders of magnitude too small to account for observations. Correspondingly, non-ideal region where field lines break should be strongly localized around X-point, and involve some new processes as well.
Thus, in the last decade a theory of collisionless reconnection has received considerable attention [3] [4] [5] [6] [7] . Its development is based mainly on extensive numerical studies [8] [9] [10] [11] [12] using either a Hall-MHD, two-fluid, fully kinetic or hybrid plasma models. Though differing in details most of them give rather similar results. As 2 summarized in [13] these results indicate that the most important non-ideal term in Ohm's law is the Hall term nec B J  . The latest laboratory experiments also confirm this finding [14] . Electron fluid effectively decouples from ions at scales smaller than ion-inertia length i  and enforces necessary localization of dissipation region. A number of simulations confirmed that the rate of Hall mediated reconnection doesn't depend on the exact mechanism which finally breaks the frozenin condition, whether it is electron inertia or grid scale diffusion. This insensitivity is qualitatively explained by the dispersive character of whistler waves, in which the phase velocity increases with decreasing scale size [4, 12, 15] . Consequently, the processes that actually break magnetic field lines have been a focus of research in resent years [17] [18] [19] [20] [21] [22] [23] . In a tiny region around the X-point of size of the electron-inertia length e  electron fluid decouples from magnetic field, thus providing, in principal, such collision free mechanism.
Despite the substantial progress made by means of numerical studies, analytical analysis of Hall mediated collisionless reconnection is just developing. A standard approach is to incorporate new effects into the already known MHD solutions [24] [25] [26] [27] . Another way is to study reconnection process at scales i   in the frame of EMHD, while ignoring ion motion altogether. This approach is used in numerical investigations as well [28, 29] . Detailed treatment of EMHD tearing mode [30] shows that for equilibrium sheets broader than i  the rates are too small This paper seeks to understand a physics of magnetic reconnection relevant to the magnetotail. Thus, a standard 2-D configuration based on a Harris sheet is used with no guide field. As a plasma model, a two-fluid description is adopted. No kinetic effects are considered -the approximation which is not easy to justify. Indeed, without the guide field ions are not magnetized at the scales of interest here (< i  ). 3 The ion kinetics could be important and it is needed to reproduce more accurately the rate of ion transport from the X-point [33] . However, it doesn't change the rate and the overall picture of reconnection as the comparison of kinetic and Hall MHD codes shows [12, 15, 36] . Concerning the electron kinetics at scales ~e  , simulations by full particle codes [10, 18] suggest that the non-gyrotropic off-diagonal terms of electron pressure tensor could play a main part in the breaking of field lines. Still, it is fair to say that no widely excepted view exists among the researchers working on this field [21] . Even though fluid dynamics might not be considered valid in a strict sense, as a reference model it could be valuable.
The aim of this work is to demonstrate several analytical solutions relevant to the reconnection physics at scales < i  . A new class of collapse-like solutions is presented. It describes an intense current embedded into the equilibrium sheet which, being driven by the in-plane Hall currents, collapses at the neutral line. Evolution ends by a fast and disruptive restructuring of current sheet from the initially stretched configuration to the typical X-point. At scales e   a static reconnection solution describing the structure of fields and currents near the X-point is derived. It explicitly demonstrates how collisionless reconnection might work without any kinetic effects.
A role of collisions is investigated as well. In previous works [12, 15, 16, 34] it was found that a viscosity, rather than resistivity, is the ultimate factor limiting current density. In the present paper a quantitative relation is obtained, which shows that even exceedingly rare collisions are capable to restrict the maximum current density by quite finite albeit large values.
Analysis is carried out in the EMHD frame treating ions as immobile. other limitation such as the mass ratio or grid size. In the numerical simulation a response of equilibrium system to the boundary perturbation is investigated. It shows triggering of the collapse process and formation of the X-point which supports a global quasi-steady reconnection pattern. Characteristic spatial and time scales, current and field structures are found to be in a good agreement with analytical solutions.
The paper is organized as follows. In section 2 models are presented. Dynamic properties of the Hall MHD in application to a plane neutral current sheet are analyzed in section 3. In section 4 this analysis is extended to include finite electron mass and collision effects. The results of numerical simulation are presented in section 5, followed by discussion.
Models
The problem is restricted to (x, z) plane with 0 y   
. We consider quasineutral plasma governed by fluid equations and make use of generalized Ohm's law with the Hall, electron inertia and collision terms included:
  , while the in-plane currents through Hall field:
There is a simple relation x  the time-scale on which ion motion could be ignored is much longer than the ion gyro-period. At the scales of interest here we can ignore in (3) the inertia and collision terms and operate in the frame of collisionless Hall MHD:
. The geometry of magnetic fields and currents is schematically drawn in fig.1 . We will consider thin structures whose width d along z is much smaller than the characteristic length L in x-direction. Equations (4) 
Thus, evolution at the neutral line is determined only by a distribution of currents along it. Corresponding z-profiles couldn't be found from (5), but the point is they don't influence the evolution at the neutral line. Linearized equations for small perturbations y , x j j (here and further denoted by small letters) reduce to
is the equilibrium current density at the neutral line.
Elliptical eq. (6) 
Here and further the tilde denotes z-derivative;
is the equilibrium field profile.
Evolution of localized perturbation, as governed by (7) 
obtained for the first time in [35] , is Like in the linear case, let's now derive non-linear z-profile of currents that corresponds to solution (8) . To make the problem tractable we suppose that the width of collapsing structure d is much smaller than its length, and along this large length L we use local approximation. Strictly speaking, such solutions are valid only in the range L x , z  . However, it could be supposed that overall structure of fields is determined namely in this small region, and that at L x , z it correspondingly adjusts itself. Current experiencing collapse-like behavior could be described as a sheet, whose width goes to zero in a finite time c  . Thus, we seek solution in the following self-similar form:
Introducing variable d z   and substituting (9) into (4), while ignoring all derivatives in respect to x in comparison to z, one arrives at
For the Hall field
should be taken. In the local approximation function f follows from the condition
2) should be ignored and then it follows that
. After inserting this into (10.1), an integral equation could be written:
Continuity of (11) 
. Because localized perturbation contains many spatial modes, its shape and apparent growth rate changes with time.
When localization is relatively "weak" (for example , and the reconnection occurs due to finite electron mass. Once again we employ local ( L x  ) and thin
Equations (12) 
Approximate solution is
. It has weak singularity at 0 z  where its derivative logarithmically diverges:
Exact numerical integration of (13) 
where (15) it is sufficient to use dependences given by (14) . Characteristic gradient scale follows, from a condition
, as a geometrical mean value of viscose and electron-skin scales:
. Now, current derivative at the null behaves continuously:
The maximum value could be found in the first approximation by taking this expression at d z  : (16) Thus, the maximum current density is an extremely weak function of viscosity. 
Numerical simulation
In this section the above analytical analysis is verified against the results of twofluid 2D numerical simulation of equations (2). Code implementation is the same as in [35] . Because of necessity to cover a five order span of spatial scales, an additional non-uniform mesh at 
Rather than switch off the flux inflow at some time and see what maximum reconnection rate the system achieves, we expect it to reach the rate equal to fig.3-b) . What really happens is clearly seen from fig.5 , where 2D plots of the main current and Hall field are drawn at times before and after this event. Namely, the stretched current structure splits into the X-point with four separate wings (only one quadrant is shown at the picture). At later times the wings gradually extend further away from the null forming a typical cross shape. This extremely short (only several ion cyclotrons periods!) restructuring of current sheet could be well associated with the so called disruption events. In the similar EMHD simulation [28] qualitatively the same picture was reported, with the exception that current was seen to split into two X-points located at system boundaries (probably because of periodic conditions used) and connected with extended wings. Also, like in [28] , intensive whistler oscillations and multiple small islands were observed as an after-effect of disruption. This is demonstrated in fig.6 where current profiles along the neutral line are shown at the 19 two moments of time. The way how sub-sheet erodes and forms a sharp spike well supports the arguments given in section 3. reconnected flux with a weak increase following the initial surge reported in the latest multi-code numerical investigation of forced reconnection [36] is also well seen in fig.7 . The system behavior was found to be totally insensitive to the collision terms (as long as they are not very large). The only value that depends on it is the current density at the null. It is shown in fig.9 , as well as calculation by (16) Investigation of a large-scale and long-time behavior of the system isn't the purpose of this paper. However, some remarks are worth mentioning. Once the Hall currents form X-point micro-structure which supports fast reconnection of field lines in a small region near the null, it is to be expected that the tearing instability will dominate large-scale ion dynamics. At the phase "3" of development (see fig.3 The same tendency to form rapidly shrinking sub-sheets was found and described in [27, 34] . Mathematical model based on the incompressible MHD equations with electron inertia included is the same as (3) if [9, 16] . We find it to be relevant for the understanding of reconnection process at micro-scales. Results of this work suggest that this field is directly related to the intense sub-sheet. Obtained solutions yield, as it was derived qualitatively in previous works [4, 24] , that Hall mediated reconnection rate is
. Extensive numerical study [9] showed that d B depends on initial conditions and prior evolution, while the length L of boundary between electron and ion dominated regions is determined by the in-flow and out-flow velocities of ions. In the present study of reconnection in a small region around the X-point where electron dynamics dominates, namely those characteristic values appear as open parameters in EMHD solutions. 23 If the collision dissipation region is smaller than e  , which is the case for space plasmas, it was doubted that other fluid terms, which are electron inertia terms It was pointed out before [12, 15] 24 There are a number of questions that needs a further study. Though simple arguments given in section 3 show that Hall dynamics has an intrinsic tendency to form X-point structures, a two-dimension solution that describes the cross-shaped current configuration is needed. Also, it is interesting to see how the normal component of magnetic field typically present in equilibrium current sheets affects the collapse process.
